Immunity to pneumococcal colonization in mice by exposure to live or killed pneumococci has been shown to be antibody independent but dependent on CD4 ؉ T cells. Here we show that intranasal immunization with pneumococcal proteins (pneumococcal surface protein C, adhesin A, and a pneumolysoid) can elicit a similar mechanism of protection. Colonization could be significantly reduced in mice congenitally deficient in immunoglobulins after intranasal immunization with this mixture of proteins; conversely, the depletion of CD4 ؉ T cells in immunized wild-type mice at the time of challenge eliminated the protection afforded by immunization. Overall, our results show that intranasal immunization with a mixture of pneumococcal proteins protects against colonization in an antibody-independent, CD4 ؉ T-cell-dependent manner.
Immunity to pneumococcal colonization in mice by exposure to live or killed pneumococci has been shown to be antibody independent but dependent on CD4
؉ T cells. Here we show that intranasal immunization with pneumococcal proteins (pneumococcal surface protein C, adhesin A, and a pneumolysoid) can elicit a similar mechanism of protection. Colonization could be significantly reduced in mice congenitally deficient in immunoglobulins after intranasal immunization with this mixture of proteins; conversely, the depletion of CD4 ؉ T cells in immunized wild-type mice at the time of challenge eliminated the protection afforded by immunization. Overall, our results show that intranasal immunization with a mixture of pneumococcal proteins protects against colonization in an antibody-independent, CD4 ؉ T-cell-dependent manner.
Almost 1 million children in the developing world die of infections due to Streptococcus pneumoniae (pneumococcus) each year (23) . The success of passive immunization and polysaccharide-based vaccines for the prevention of colonization and/or disease has clearly demonstrated the importance of capsular antibodies in controlling pneumococcal disease and colonization. Furthermore, studies in animals (17) and in humans (10, 11) clearly demonstrate that these antibodies can protect against nasopharyngeal (NP) pneumococcal colonization, which precedes pneumococcal disease (3) . The importance of this effect has recently become clear and has paralleled what was learned after universal immunization with Haemophilus influenzae type b vaccine: it has been estimated that the conjugate vaccine in the United States has prevented more than twice as many cases of invasive pneumococcal disease through indirect effects on pneumococcal transmission (i.e., herd immunity) as through its direct effect of protecting vaccinated children (9) .
Protection by anticapsular antibody is limited by its serotype specificity, which has led several investigators to evaluate whether pneumococcal colonization can also be prevented by immunization with conserved antigens. In particular, several pneumococcal proteins have been evaluated as vaccine candidates in animal models of pneumococcal colonization by either the parenteral or the mucosal route (1, 4, 6-8, 19, 20) . Mucosal immunization with some of these proteins in particular has been shown to elicit systemic and mucosal antibodies and to confer protection against pneumococcal disease and colonization (4, 6, 21, 24) . The logical assumption has been made that a combination of systemic and mucosal antibodies elicited by such an immunization is responsible for the protection against colonization. To our knowledge, however, this causal association has never been formally tested.
Our group has been evaluating two mucosal vaccine candidates based on noncapsular antigens: a whole-cell vaccine (WCV) consisting of killed unencapsulated bacteria and a vaccine containing the cell wall polysaccharide (C-Ps), which is present in all pneumococcal strains. Intranasal immunization with either of these two antigens confers antibody-independent, CD4
ϩ T-cell-dependent protection against pneumococcal colonization (16, 18) . In both cases, we have also gathered evidence implicating the cytokine interleukin-17A (IL-17A) (16; unpublished data) which implies that CD4 ϩ T H 17A-producing T cells are likely responsible for protection.
Following these studies, we wished to test the hypothesis that, similar to the WCV or C-Ps, protection derived from intranasal immunization with purified pneumococcal proteins is dependent on CD4 ϩ T cells and independent of antibody. To this end, we evaluated the mechanism of protection that is elicited by mucosal administration of three proteins that were previously shown to block colonization upon immunization by this route.
MATERIALS AND METHODS
Immunogens and bacterial strains. Pneumococcal surface protein C (PspC) and surface adhesin A (PsaA) were prepared as described previously (4, 22) . PdT, a derivative of pneumolysin carrying three amino acid substitutions (W433F, D385N, and C428G) which render the molecule nontoxic but do not interfere with TLR4-mediated inflammatory properties, was also described previously (14) . The protein vaccine (3P-CT) consisted of a mixture of these three proteins (PspC, 5 g/dose; PsaA, 5 g/dose; and PdT, 1.8 g/dose) with cholera toxin (CT) as an adjuvant (1 g/dose). The WCV was derived from strain RX1AL-, a capsule-and autolysin-negative mutant, prepared as described previously (15) ; the final WCV mixture contained 10 8 (killed) CFU of this strain plus 1 g of CT (List Biological Laboratories, Campbell, CA) per 10-l dose. Control mice were immunized with 1 g of CT in 10 l saline. Pneumococcal challenge was performed with strain 0603, a serotype 6B clinical strain (15) . Frozen midlog-phase aliquots were thawed and diluted to ϳ10 6 CFU/10 l of intranasal inoculum for challenge.
Animal models. To assess the efficacy of the protein mixture in the prevention of pneumococcal colonization, groups of 8 to 12 C57BL/6J mice (female; age, 6 weeks; Jackson Laboratories, Bar Harbor, ME) were randomized by cage to receive 3P-CT, WCV-CT, or CT alone as previously described (15) . Inoculations were given three times at weekly intervals. Three weeks after the third immunization, serum samples were obtained from anesthetized mice. One week after collection of the sera, the mice were challenged intranasally with ϳ10 6 CFU of strain 0603. At 1 week after challenge, the mice were euthanized by CO 2 inhalation; an upper respiratory wash was done by instilling sterile, nonbacteriostatic saline retrograde through the transected trachea and collecting the first six drops (about 0.1 ml) from the nostrils. An animal was considered colonized if at least 1 CFU/100 l of wash fluid was detected.
To test the role of antibody in protection, C57BL/6J MT Ϫ/Ϫ mice (B6.129S2-Igh-6tm1Cgn/J, in which B-cell development is blocked at the pro-B stage [13] ) were obtained from Jackson Laboratories. The mice were randomized by cage to receive 3P-CT, WCV-CT, or CT alone. Immunization and challenge were delivered as described above.
To further test the role of various T-cell subsets in protection at the time of challenge, groups of wild-type C57BL/6 mice targeted for T-cell depletion were first immunized with 3P-CT or CT using the same protocol given above. One group of mice (n ϭ 16) received intranasal CT, and three groups received 3P-CT (n ϭ 12 to 16 for each group). To evaluate the effect of depleting either CD4 ϩ or CD8 ϩ T cells, two of the individual groups of mice that received 3P-CT had 1 mg of antibodies administered intraperitoneally 1 day before, 1 day after, and 4 days after challenge. Mice were given rat anti-mouse CD4 monoclonal immunoglobulin G (IgG2b) (purified from hybridoma GK1.5; American Type Culture Collection [ATCC], Manassas, VA) or rat anti-mouse CD8 monoclonal IgG2a (purified from hybridoma 53-6.72; ATCC) or they received no antibody treatment. Overall, Ͼ95% of CD4 ϩ or CD8 ϩ T cells, respectively, were depleted from the spleens of the treated animals, as assessed by flow cytometry (data not shown). No reduction in CD8 ϩ T cells in the spleen was observed in mice given anti-CD4 ϩ antibody as assessed by flow cytometry; similarly, anti-CD8 ϩ antibody treatment did not reduce CD4 ϩ T cells in the spleen (data not shown). ELISA. Enzyme-linked immunosorbent assays (ELISAs) were performed on serum samples collected prior to exposure to the challenge strain. Ninety-six-well ELISA plates were coated overnight with one of three pneumococcal proteins (PspC, PsaA, or PdT, 1 g/ml). Following blocking in phosphate-buffered salineTween (0.05%) with 5% fetal calf serum (or phosphate-buffered saline-0.05% casein in the case of PdT-coated plates), dilutions of serum were added and incubated at room temperature for 2 h. Plates were washed and secondary 
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antibody to mouse Ig was added and incubated at room temperature for 1 h. The plates were washed and developed with SureBlue TMB microwell peroxidase substrate (KPL, Gaithersburg, MD). Measurement of IL-17A secretion by splenocytes. Cellular suspensions of splenocytes from immunized and control mice were obtained by passing spleens of mice euthanized after pneumococcal challenge through a 70-m cell strainer (BD Biosciences, Bedford, MA). After washing and removal of red blood cells by hemolysis, cells were plated into 24-well tissue culture plates at a concentration of 10 5 cells/well in 500 l of Dulbecco's modified Eagle's medium (BioWhittaker, Walkersville, MD) containing 10% low-endotoxin defined fetal bovine serum (HyClone, Logan, UT) and ciprofloxacin (10 g/ml; gift from Miles Pharmaceuticals). Following 72 h of stimulation with PsaA, PspC, or PdT (all at 10 g/ml), supernatants were collected following centrifugation and stored at Ϫ80°C until being analyzed by ELISA (R&D Systems, Minneapolis, MN) for their IL-17A concentrations. The supernatants were analyzed in duplicate and read against a standard, following directions provided by the manufacturer.
Statistical analysis.
Comparisons of ELISA values, colonization densities, and IL-17A production levels between groups were evaluated using the Mann-Whitney U test. For all comparisons, P Ͻ 0.05 was considered to represent statistical significance.
RESULTS AND DISCUSSION
C57BL/6 mice were intranasally immunized three times at 1-week intervals with adjuvant alone (CT), WCV-CT, or 3P-CT as described above. Three weeks after the last immunization and prior to challenge, blood samples were obtained from randomly selected mice (n ϭ 4 to 7 per group) from each group and analyzed by ELISA for the presence of antibodies directed against the individual proteins. As shown in Fig. 1A, 
FIG. 2. Antibody independence and CD4
ϩ T-cell dependence of protection against NP challenge by 3P-CT. (A) Nasopharyngeal challenge of immunized MT (Ig deficient) mice with strain 0603. MT mice were immunized with CT, 3P-CT, or WCV-CT and subsequently challenged as described in the text. Density of colonization of each mouse is shown; lines represent median densities of colonization. Mice immunized with 3P-CT or WCV-CT had significantly lower densities of colonization than mice that received CT alone. (B) Effect on protection against NP challenge of CD4 ϩ or CD8 ϩ T-cell depletion of immunized wild-type mice. C57BL/6 mice immunized with 3P-CT received anti-CD4 ϩ or anti-CD8 ϩ T-cell antibodies at the time of challenge. Whereas mice that received anti-CD8 ϩ antibodies were significantly protected against colonization, the administration of anti-CD4 ϩ antibodies abolished protection by the 3P-CT. Density of colonization of each mouse is shown; lines represent median densities of colonization. (C) Measurement of IL-17A secretion by splenocytes. Splenocytes from immunized and control mice were stimulated with individual proteins for 3 days as described in the text; supernatants were collected and assayed for IL-17A concentration by ELISA. mice immunized with 3P-CT had significantly higher serum antibody concentrations against all three proteins than mice that received CT alone (results of comparison of anti-PsaA, -PspC, or -PdT antibody concentrations were P, 0.02; P, 0.006; and P, 0.006, respectively, by Mann-Whitney U test). While mice immunized with WCV had, in general, higher levels of antibodies to the three proteins than controls, these differences did not reach statistical significance (P, 0.11; P, 0.68; and P. 0.88 for PsaA, PspC, and PdT, respectively, versus CT alone by Mann-Whitney U test). Immunization with the protein mixture resulted in significant protection against nasopharyngeal colonization: mice immunized with 3P-CT had significantly lower densities of pneumococcal colonization with strain 0603 than control mice that received CT alone (Fig. 1B) ; there was no difference in density of colonization between mice that received 3P-CT and mice that received the WCV (P Ͼ 0.5).
We have previously reported that intranasal immunization with WCV or C-Ps results in CD4
ϩ -dependent, antibody-independent protection against colonization (16, 18) . To evaluate whether antibody-independent protection can also be elicited by a protein mixture, we immunized MT Ϫ/Ϫ mice three times at 1-week intervals with adjuvant (CT) alone, 3P-CT, or WCV-CT as a positive control. Four weeks after the last immunization, mice were challenged intranasally with strain 0603; tracheal washes were obtained 1 week later. As shown in Fig. 2A , a significant reduction in NP colonization was observed in mice that received either the protein mixture or the WCV compared to colonization in mice that received the adjuvant alone, indicating that protection can be established in the absence of antibodies.
By contrast, when wild-type C57BL/6 mice previously immunized with 3P-CT were depleted of CD4 ϩ T cells by treatment with anti-CD4 ϩ antibodies around the time of challenge, the protection associated with immunization was lost. The depletion of CD8 ϩ T cells with anti-CD8 ϩ antibodies had no effect upon protection. Together, these results show that protection is critically dependent on the presence of specific CD4 ϩ T cells at the time of challenge (Fig. 2B) . Finally, we evaluated the response of splenocytes from immunized (n ϭ 4; 2 wild-type and 2 MT Ϫ/Ϫ mice) versus control mice (n ϭ 4; 2 wild-type and 2 MT Ϫ/Ϫ mice) when stimulated with individual proteins (Fig. 2C ). For two of these proteins, the IL-17A response was significantly higher in immunized mice than in controls (P was 0.03 for both PsaA and PdT). These data therefore indicate that, as is the case with the WCV and C-Ps, intranasal immunization with this protein mixture induces CD4 ϩ T-cell-dependent and antibody-independent protection against NP colonization. We also show that mice develop protein-specific IL-17A responses following immunization; whether this cytokine is playing a role in protection merits further investigation.
Several investigators have previously demonstrated that mucosally administered protein antigens elicit systemic antibodies and also confer protection against invasive disease and/or carriage (2, 4, 6, 21, 24) . Overall, our data show that, while antibodies are indeed elicited by intranasal immunization with a mixture of proteins (and more so than when the immunogen consists of whole killed bacteria), they are not required for the observed protection against NP colonization. These data are consistent with our previously published results regarding WCV or C-Ps or immunity following exposure to live pneumococci, but also extend them to immunity following exposure to proteins. Thus, intranasal immunization with purified pneumococcal proteins results in antibody-independent, CD4 ϩ -dependent immunity to carriage.
There have been limited studies on T-cell responses to pneumococcal antigens in humans to date. As an example, human T-cell responses to PspA following natural exposure have been reported (5) , but the role of CD4 ϩ T cells (independent of antibody) in protection against human colonization and/or disease had not specifically been investigated. Recently, Zhang et al. reported a negative association between CD4 ϩ T-cell responses to pneumolysin and the likelihood of pneumococcal colonization in young children undergoing adenoidectomy (25) . It remains to be shown, however, whether such CD4 ϩ T-cell responses represent a mechanism whereby humans gradually become more resistant to pneumococcal carriage (or perhaps tend to carry strains for shorter periods of time (12) . In conclusion, the data presented in this report lend further support to the hypothesis that antigen-specific CD4 ϩ T-cell responses can confer protection against pneumococcal colonization. Studies are ongoing to evaluate whether such responses, and in particular IL-17A responses, can be detected in humans and whether they are associated with protection against pneumococcal colonization and possibly also against invasive disease following colonization.
